The Rous sarcoma virus Gag protein undergoes transient nuclear trafficking during virus assembly. Nuclear import is mediated by a nuclear targeting sequence within the MA domain. To gain insight into the role of nuclear transport in replication, we investigated whether addition of a "classical " nuclear localization signal (NLS) in Gag would affect virus assembly or infectivity. A bipartite NLS derived from nucleoplasmin was inserted into a region of the MA domain of Gag that is dispensable for budding and infectivity. Gag proteins bearing the nucleoplasmin NLS insertion displayed an assembly defect. Mutant virus particles (RC.V8.NLS) were not infectious, although they were indistinguishable from wild-type virions in Gag, Gag-Pol, Env, and genomic RNA incorporation and Gag protein processing. Unexpectedly, postinfection viral DNA synthesis was also normal, as similar amounts of two-long-terminal-repeat junction molecules were detected for RC.V8.NLS and wild type, suggesting that the replication block occurred after nuclear entry of proviral DNA. Phenotypically revertant viruses arose after continued passage in culture, and sequence analysis revealed that the nucleoplasmin NLS coding sequence was deleted from the gag gene. To determine whether the nuclear targeting activity of the nucleoplasmin sequence was responsible for the infectivity defect, two critical basic amino acids in the NLS were altered. This virus (RC.V8.KR/AA) had restored infectivity, and the MA.KR/AA protein showed reduced nuclear localization, comparable to the wild-type MA protein. These data demonstrate that addition of a second NLS, which might direct MA and/or Gag into the nucleus by an alternate import pathway, is not compatible with productive virus infection.
The retroviral Gag polyprotein is sufficient to direct virus assembly, as demonstrated by its ability to form virus-like particles in the absence of all other viral gene products (reviewed in reference 39). Previously, it was thought that Gag proteins of type C retroviruses were synthesized on cytosolic ribosomes and then targeted directly to the plasma membrane, where budding occurs. However, we discovered that the Rous sarcoma virus (RSV) Gag polyprotein traffics through the nucleus (32) . Nuclear import is mediated by a nuclear localization signal (NLS) within the N-terminal matrix (MA) domain. A CRM1-dependent nuclear export signal (NES) within the p10 domain of Gag mediates nuclear egress, after which Gag travels to the plasma membrane for particle release. Treatment of cells with leptomycin B (LMB), a specific inhibitor of CRM1, results in the accumulation of Gag proteins in the nucleus (32) .
Nuclear import of macromolecules, including all proteins greater than 50 kDa, occurs by signal-mediated active transport across the nuclear membrane through the nuclear pore complex. The majority of proteins bearing specific NLS sequences are imported through an interaction with soluble transport factors belonging to the importin superfamily (reviewed in reference 9). The "classical" NLSs include the prototypical monopartite NLS of simian virus 40 large T antigen, which consists of a single patch of basic amino acids, and bipartite NLSs, including that of the nucleoplasmin protein, which contains two clusters of positively charged residues with an intervening spacer region of 10 amino acids (6) . Nuclear import of protein cargoes containing these canonical NLSs is generally mediated by the formation of a complex between the NLS and a heterodimer of importins ␣ and ␤. The importin ␣ subunit contains an NLS-binding domain that interacts with positively charged amino acids in the NLS-containing protein (19, 23) . However, certain NLS-bearing proteins are directly recognized by importin ␤ (26, 40) . Furthermore, nuclear import may be mediated by factors that are unrelated to the importin receptor family (44) .
Beyond the classical NLSs, many import signals have been identified that are not enriched in basic residues and vary markedly in length and structure. Proteins bearing these atypical NLSs may be imported using the importin ␣/␤ pathway or may interact with other importin family members. For example, the NLSs of the cytomegalovirus protein UL84 and the cellular transcription factor STAT1 contain noncanonical import sequences that nonetheless utilize the importin ␣/␤ pathway (18, (20) (21) (22) 36) . The human immunodeficiency virus type 1 (HIV-1) Vpr protein contains two nonclassical NLSs, and its importin-independent nuclear import is accomplished via direct interaction with the nuclear pore complex (12, 17) . Thus, there is a high degree of variability in the protein signals and cellular mediators of nuclear import, resulting in a remarkably diverse array of nuclear entry pathways (4, 24, 30) .
For RSV Gag, the minimal NLS motif in MA has not been defined, but nuclear import activity depends on a complex, nonclassical sequence within the N-terminal 88 amino acids (32). It is not yet known whether MA interfaces with a member of the importin family or whether interaction with a different pathway is required for Gag nuclear transport. To determine whether the nuclear entry pathway taken by Gag plays a critical role in virus replication, it would be ideal to delete the endogenous NLS in MA; however, the nuclear import signal overlaps the plasma membrane targeting-binding domain, and deletions in this region interfere with budding. Instead, we inserted a heterologous, classical NLS derived from the nucleoplasmin protein into a dispensable region of MA. Viruses containing Gag proteins with the classical bipartite NLS, in addition to the intrinsic NLS in MA, were markedly impaired for particle assembly. Moreover, these mutant viruses had a severe infectivity defect that was overcome by the spontaneous deletion of codons required for the foreign NLS activity, suggesting selective pressure against the nucleoplasmin NES.
Virus infectivity assays. Infectivity assays were performed in one of two ways: (i) QT6 cells were transiently transfected with proviral constructs expressing wild-type or mutant sequences and passed every 3 days for 3 to 7 weeks, or (ii) equivalent numbers of virus particles obtained from transfection, as determined by reverse transcriptase (RT) activity, were added to fresh QT6 cells, which were then passed in the same manner as above. Medium was collected before each passage, and virus particles were concentrated by ultracentrifugation through a 25% sucrose cushion at 126,000 ϫ g at 4°C for 40 min. Viral pellets were resuspended in phosphate-buffered saline and stored at Ϫ70°C. At the end of the collection period, RT assays were performed in triplicate for each sample, as described previously (5) . Cellular genomic DNA was extracted from the infected or transfected cells at the end of the collection period by the addition of 50 mM Tris (pH 8.3), 100 mM EDTA, 200 mM NaCl, 10 g of proteinase K/l, and 0.5% sodium dodecyl sulfate for 3 h at 37°C, followed by phenol-chloroform extraction and isopropanol precipitation. The cellular DNA was used as a template for PCR amplification of the proviral gag gene with the primers 5Ј-CGA CTAAGCAGTCCACC-3Ј and 5Ј-AGCAGTCAATGATCACCGGA-3Ј, which correspond to nucleotides 329 to 345 in the 5Ј untranslated region and nucleotides 1673 to 1654 in gag, respectively. The DNA products were sequenced using an ABI Prism 377 DNA sequencer (Applied Biosystems).
RPAs. Genomic RNA from virus particles was isolated, and RNase protection assays (RPAs) were performed as previously described (8) . An antisense riboprobe derived from the 3Ј splice acceptor site within env (nucleotides 4998 to 5257 from pATV8) was synthesized in vitro (Riboprobe system; Promega) and used to distinguish between unspliced (263-nucleotide protected fragment) and spliced (183-nucleotide protected fragment) viral RNAs.
Postinfection products of reverse transcription. Virus particles were purified from the culture media of transfected QT6 cells and normalized according to RT activity, as described above. Fresh QT6 cells were incubated with medium containing equivalent amounts of virus particles, and 18 h later low-molecularweight DNA was isolated according to the Hirt protocol (11). Primers specific for two-long-terminal-repeat (2-LTR) circles and quail mitochondrial DNA were utilized for PCR analysis as described elsewhere (1, 27) , except that the annealing temperature for the mitochondrial DNA primers was 59°C and all reactions proceeded for 35 cycles. PCR products were separated using 3% Nusieve GTG agarose (Cambrex), and images of gels were captured with the Eagle Eye II still video system (Stratagene).
RESULTS
The recent discovery of a nuclear trafficking step in the life cycle of RSV has raised intriguing questions concerning possible roles for nuclear transport in retroviral replication. A report from our laboratory described a mutant of RSV Gag that does not undergo nuclear trafficking and is noninfectious, suggesting that elimination of nuclear trafficking is detrimental to virus replication (32) . However, it was not known whether the opposite effect-enhancement of the nuclear trafficking of Gag-would have any consequence for virus assembly or infectivity. We considered that if nuclear trafficking were indeed a critical step in virus replication, it would be likely to be tightly controlled; thus, altering the nuclear entry properties of Gag might not be tolerated. On the other hand, enhancing the nuclear import of the mature MA protein during the early steps of infection might promote import of the preintegration complex (PIC), potentially increasing infectivity. To address these questions, we examined the consequences of inserting an ectopic NLS derived from the nucleoplasmin protein into the MA/Gag protein.
Subcellular distribution of MA-GFP fusion proteins. The 15-amino-acid bipartite NLS sequence was inserted in place of a dispensable region of the MA sequence, between codons 86 and 100 (25) (Fig. 1) . The endogenous NLS in MA could not be deleted, since the sequence needed for nuclear localization overlaps the Gag membrane-binding domain (41) Ryan, and L. J. Parent, unpublished data). A variant of the nucleoplasmin sequence that was predicted to be defective in nuclear import activity (KR/AA) ( Fig. 1 ) was also inserted into the same region of MA. By using this control, we could determine whether any effects of the heterologous sequences on protein trafficking or virus replication were due to the presence of the additional nuclear targeting activity of the inserted NLS.
To determine whether the nucleoplasmin NLS functions in the context of the MA protein, we examined the subcellular localization of wild-type and mutant MA-GFP fusion proteins in living cells by using confocal microscopy. We expected that the NLS-containing MA protein would have an enhanced nuclear pool if the inserted nucleoplasmin NLS were active. As shown in Fig. 2A , this was the case. The MA-GFP fusion protein was distributed throughout the cell with accumulation in the nucleus, as reported previously (8), while the MA.NLS-GFP protein appeared almost entirely within the nuclear compartment ( Fig. 2A) . Thus, the inserted bipartite NLS enhanced the nuclear localization of RSV MA. In contrast, the subcellular distribution of MA.KR/AA-GFP was similar to that of the wild-type MA protein, indicating that substitution of alanines for positively charged residues in the upstream basic cluster of the nucleoplasmin NLS reduced nuclear targeting activity.
While the confocal microscopy images shown in Fig localization of the GFP fusion proteins (Table 1 ). This analysis revealed that MA-GFP was located equally throughout the nucleus and cytoplasm in ϳ52% of cells ( Fig. 2A , top left panel), while it appeared to be more concentrated within the nucleus in ϳ48% of cells. For MA.NLS-GFP, a higher percentage of cells showed nearly complete nuclear localization (ϳ86%) (Fig. 2A, top right panel) , indicating more efficient targeting to the nuclear compartment. To determine whether the enhanced nuclear localization of MA.NLS-GFP was dependent on the integrity of the nucleoplasmin NLS, distribution of the MA.KR/AA-GFP protein was examined. For this protein, there was a reduction in the percentage of cells with nuclear localization (ϳ37%), indicating that disruption of the upstream basic cluster interfered with nuclear import (Fig. 2A , bottom left panel). Western blot analysis of whole-cell lysates revealed that each of the MA-GFP fusion proteins was stably expressed and there was little or no detectable free GFP protein (data not shown).
Nuclear sequestration of Gag-GFP proteins. Following nuclear import, the RSV Gag polyprotein is transported back into the cytoplasm via the CRM1 nuclear export pathway. Treatment of cells expressing the wild-type Gag-GFP fusion protein with LMB, a specific inhibitor of CRM1, leads to the accumulation of Gag proteins within the nucleus (32). To determine whether insertion of the nucleoplasmin NLS affected nuclear trafficking of Gag, the subcellular distribution of Gag-GFP was observed in the absence or presence of LMB. In approximately 99% of untreated cells, Gag-GFP was localized throughout the cytoplasm with punctate accumulation at the plasma membrane ( Fig. 2B and Table 1 ). Because insertion of the nucleoplasmin NLS into the MA protein enhanced the nuclear localization of MA-GFP, we expected that the nuclear concentration of Gag.NLS-GFP might also be increased, even without LMB treatment. Surprisingly, Gag.NLS-GFP was dispersed throughout the cytoplasm with plasma membrane foci and appeared indistinguishable from wild-type Gag-GFP. Therefore, the bipartite NLS did not appear to result in the accumulation of Gag in the nucleus, at least under steady-state conditions. Furthermore, addition of the heterologous NLS in Gag did not interfere with the plasma membrane targeting activity of the MA domain. As anticipated, the distribution of Gag.KR/AA-GFP was similar to that of wild-type Gag-GFP. Thus, the p10 NES is effective in mediating export, even in the presence of both the native nuclear import signal in MA and the additional inserted nucleoplasmin NLS.
Although the nucleoplasmin NLS facilitated enhanced nuclear import of MA, it was possible that it did not function in the context of the full-length Gag protein. To determine whether the NLS-modified Gag protein underwent nuclear transport, cells expressing each Gag-GFP fusion protein were treated with LMB for 2 h prior to examination. For Gag.NLS-GFP, Gag.KR/AA-GFP, and Gag-GFP, the fusion proteins were sequestered in the nucleus, indicating that at least one of the import signals (the endogenous NLS in MA and/or the ectopic nucleoplasmin NLS) was functional, and nuclear export continued to be mediated via the CRM1 pathway (Fig. 2B and Table 1 ). Taken together, these results indicate that the presence of the nucleoplasmin NLS sequence does not affect the export of Gag via the NES activity of p10.
Budding efficiency of wild-type and nucleoplasmin NLScontaining viruses. Although the Gag.NLS protein did not appear to accumulate in the nucleus under steady-state conditions, a more dynamic assay might detect differences in intracellular trafficking that are attributable to the nucleoplasmin sequence. For example, if Gag.NLS were targeted more efficiently to the nucleus due to the nucleoplasmin NLS insertion, then the mutant Gag protein might be less available in the cytoplasm to direct particle assembly. To address this possibility, genes encoding the Gag.NLS and Gag.KR/AA proteins were transferred into a proviral vector, and budding efficiency was compared to that of the wild-type virus, RC.V8. As shown in Fig. 3A , in each case the Gag polyprotein precursor (Pr76 gag ) was expressed in cell lysates, and Gag cleavage products (CA, MA, and PR) were detected in the culture medium. Proteolytic processing of Gag appeared to be normal for the mutants, although the MA.NLS and MA.KR/AA MA proteins migrated more slowly than wild-type MA due to their increased positive charge.
Budding efficiency was calculated by comparing the amount of CA released into the medium during a 2.5-h labeling period with the amount of Gag polyprotein (Pr76) produced within the cells during a 5-min pulse-labeling period. Budding efficiency for wild-type virus was assigned a relative value of 100. Insertion of the nucleoplasmin NLS (RC.V8.NLS) resulted in a significant reduction in particle assembly to approximately 30% of wild type (P Ͻ 0.0001). This result is consistent with the possibility that the virus assembly pathway is altered due to the nuclear targeting properties of the nucleoplasmin NLS. Moreover, disruption of basic residues in the bipartite NLS restored budding to near wild-type levels (RC.V8.KR/AA).
Infectivity in avian cells. Even though RC.V8.NLS displayed a defect in virus assembly, it was possible that alteration of the dynamics of nuclear transport was inconsequential to virus replication. However, insertion of a heterologous NLS into RSV MA might be expected to enhance infectivity of the virus, as was observed for spleen necrosis virus (SNV). For SNV, insertion of a heterologous NLS into MA resulted in the efficient infection of nondividing cells (28) . To determine whether the classic bipartite NLS affected RSV replication, QT6 cells were transfected with wild-type or RC.V8.NLS proviral constructs. Equivalent numbers of virus particles were collected Fig. 4 , RC.V8.NLS was unable to establish persistent infection in actively dividing QT6 cells. Unexpectedly but reproducibly, infectious viruses arose during continuous passage of RC.V8.NLS in QT6 cells. Three independent infectious viruses were isolated, and in each case analysis of viral sequences revealed that the nucleoplasminderived NLS had been eliminated (Fig. 5A, B, and C) . Two of the reversion events resulted in the deletion of the entire NLS sequence with maintenance of flanking residues, while one revertant maintained the last two lysine residues of the NLS (Fig. 5D) . When the MA sequence of revertant 1 was fused to enhanced GFP and protein localization was examined, the MA.NLS.rev1-GFP protein showed the same localization as wild-type MA-GFP ( Fig. 2A) .
Although it was likely that reversion occurred because of selective pressure against the nuclear targeting activity of the nucleoplasmin NLS, it was also possible that insertion of any foreign peptide sequence in this region might disrupt virus infectivity. Therefore, we examined the ability of the RC.V8KR/AA mutant, which contains a nonfunctional nucleoplasmin sequence, to propagate in culture. Importantly, RC.V8.KR/AA productively infected QT6 cells, and sequence analysis of the integrated DNA revealed that the virus had maintained the nucleoplasmin-derived sequence (Fig. 4 and data not shown).
Analysis of noninfectious virus particles. Biochemical analysis of the RC.V8.NLS viruses was undertaken in an attempt to identify a defect that could explain the loss of infectivity. To assess genomic RNA encapsidation, virus particles were isolated from the medium of transfected cells and normalized according to RT activity, and RNA extracted from equivalent numbers of particles was analyzed in an RPA with an envspecific probe (8) . Viral RNA packaging for the wild type was assigned a relative value of 1.0, and for each mutant RNA packaging efficiency was expressed in comparison to that of the wild type (Fig. 6) . Insertion of neither the intact nor mutated nucleoplasmin NLS sequence into Gag altered viral RNA incorporation (RC.V8.NLS and RC.V8.KR/AA, respectively). In addition, incorporation of spliced and unspliced viral RNA species was similar in the mutant and wild-type particles, indicating that splicing of the primary viral transcript was not affected (Fig. 6 and data not shown) (14) . The RC.V8.NLS and The amount of Gag polyprotein (Pr76) isolated from cell lysates after the 5-min pulse and the amount of CA released into the medium after the 2.5-h labeling period were quantified by phosphorimager analysis. Budding efficiency was calculated by comparing the amount of CA released into the medium to the amount of Pr76 produced in cells. Budding efficiency for the wild type was assigned a value of 100, and mutant budding values were compared to the wild-type value. Each bar represents the average of eight independent experiments. The budding efficiency of RC.V8.NLS was statistically different from that of wild type (RC.V8) (P Ͻ 0.0001).
FIG. 4.
Infectivity of the RC.V8.NLS viral mutant. QT6 cells were transfected with either the wild-type, RC.V8.NLS, or RC.V8.KR/AA proviral constructs and passaged in culture every 3 days for 21 days. Medium was collected prior to each passage, pelleted through a 25% sucrose cushion, and frozen. At the end of the 3-week period, RT assays on all of the stored samples were performed in triplicate and average values were determined for each.
RC.V8.KR/AA virus particles were also normal for Env content by immunoblot analysis with an anti-gp37 antibody (data not shown). The CA-to-RT ratio was preserved in the mutants, suggesting that Gag-Pol incorporation was unaffected (data not shown).
Postinfection products of reverse transcription. Because the biochemical analysis of RC.V8.NLS particles failed to find a cause for the infectivity defect, we wondered whether there was a defect early in infection. To evaluate the ability of the mutant virus to complete reverse transcription postentry, a PCR-based assay was utilized. QT6 cells were incubated with equivalent amounts of virus particles produced by transient transfection of proviral constructs. Eighteen hours later, cells were lysed and low-molecular-weight DNA was isolated (11) and analyzed with PCR primers specific for 2-LTR circle junctions (27) . These primers do not amplify proviral plasmid DNA, and so contamination from transfected DNA was not a concern. Unexpectedly, 2-LTR circle junction DNA was readily detected for the noninfectious RC.V8.NLS mutant, as well as for the replication-competent RC.V8.KR/AA and RC.V8 viruses (Fig. 7A) . The PCR products were sequenced from each reaction mixture, confirming that the 215-bp band represented a precise U5-U3 junction (data not shown). Additionally, primers specific for the gag gene were used to amplify the same DNA, and the products were sequenced to verify the presence of the original mutations for RC.V8.NLS and RC.V8.KR/AA and the wild-type sequence for RC.V8. Mitochondrial DNA was amplified from each of the same samples and, as shown in Fig. 7B , the efficiency of low-molecular-weight DNA isolation was similar from each cell lysate.
DISCUSSION
In these experiments, we examined the effects of insertion of an additional NLS in MA/Gag on RSV replication. The nucleoplasmin NLS interfered with both particle assembly and virus replication (RC.V8.NLS). It is likely that the effects of the NLS insertion were attributable to the nuclear targeting activity of the sequence, because substitution of critical basic residues restored budding and infectivity (RC.V8.KR/AA). These data suggest that altering the nuclear trafficking properties of MA and/or Gag interferes with processes that are crucial to the virus life cycle.
Nuclear transport is a highly regulated and tightly controlled process. The integrity of the nucleus must be maintained and its contents protected, and so the nuclear envelope is selective about allowing cytosolic macromolecules access into the nuclear compartment. To gain entry, proteins typically contain an NLS that is recognized by the family of import receptors (importins) that mediate transport through the nuclear pore. In addition to the classical NLSs that enter via importin ␣/␤ interactions, many noncanonical signals have been identified that interface with other importin molecules. Thus, there are diverse pathways utilized for nuclear entry, and distinct cellular factors are involved. Whether the specific route into the nucleus has any bearing on the subsequent subnuclear localization or activities of the imported protein is not well understood but remains an intriguing question (29, 37) .
Many viruses have developed strategies for entering the nucleus at particular stages of their replication cycle. In the case of RSV, the Gag polyprotein undergoes active nuclear import during the assembly phase of infection, and nuclear shuttling of Gag is an intrinsic part of the production of progeny virions (32) . In this report, we found that addition of a classical NLS to MA/Gag interferes with both budding and infectivity, and there is selection against the ectopic import signal. One explanation for the decrease in budding efficiency is that the nucleoplasmin NLS might be stronger than the native NLS in Gag. Although the Gag.NLS-GFP protein did not accumulate in the nucleus under steady-state conditions (e.g., in the confocal microscopy experiments), the significant reduction in budding suggests that the Gag.NLS protein might have increased dwell time in the nucleus relative to wild-type Gag, leaving fewer molecules available in the cytoplasm to carry out virus assembly. Alternatively, perhaps the assembly defect was due to an alteration in the nuclear import pathway used by Gag.NLS; entry through the classical importin ␣/␤ pathway might be dominant over the usual import pathway used by Gag, leading to a block in virus particle formation. If the import pathway affects later intranuclear events, then perhaps the mutant lacks some type of posttranslational modification (e.g., ubiquitination or sumoylation) or it is prevented from interacting with a cellular cofactor that is required for subsequent membrane targeting or particle release. It is unlikely that plasma membrane targeting per se was disrupted in Gag.NLS, since the NLS insertion was distant from the membrane-binding (M) domain, and the protein did not accumulate in intracytoplasmic compartments, as reported for other M domain mutants (2, 32) . In addition, we must consider that the negative impact on virus replication might not be the result of altered Gag trafficking during virus assembly. Instead, the bipartite NLS introduced into the MA domain might exert its influence during the FIG. 7. Viral DNA synthesis postinfection. QT6 cells were infected with the indicated virus, low-molecular-weight DNA was isolated 18 h later, and PCR analysis was performed using primers specific for 2-LTR circle junctions (A) and quail mitochondrial DNA (B). Decreasing amounts of DNA in serial twofold dilutions were used as the template for each PCR, as indicated by the black triangles. Wild-type virus (RC.V8) was heat inactivated at 65°C (RC.V8 HI) for 20 min prior to infection, and Hirt supernatant DNA was used undiluted as a negative control for the 2-LTR circle PCR primers and as a positive control for the quail mitochondrial DNA PCR primers. early steps of virus infection. Following receptor binding and uncoating, the preintegration complex (PIC) must gain access to the nucleus. Recent reports that RSV infects nondividing cells, albeit with low efficiency (10, 13) , in conjunction with the identification of NLSs within integrase (IN) (15, 16) , RT (43) , and MA (32), suggest possible roles for these viral proteins in active import of the RSV PIC. Adding an ectopic NLS and, therefore, changing the nuclear entry pathway of MA, might ultimately affect nuclear targeting of the PIC. If MA plays other postentry roles, modification of its targeting signal might interfere with other events, including regulation of reverse transcription, integration, or viral transcription.
In support of this idea, our initial investigation of the infectivity defect of the nucleoplasmin NLS-containing virus particles yielded intriguing results. The RC.V8.NLS virus particles appeared to be normal in their Gag protein processing, GagPol incorporation, Env packaging, and viral RNA content, yet they are replication incompetent. While there may be a gross structural problem, this seems unlikely, since changing just two basic residues in the NLS restored normal nuclear trafficking of Gag as well as infectivity, and this region of MA can be deleted without affecting infectivity. Most unexpected was the finding that RC.V8.NLS virus particles were capable of synthesizing full-length proviral DNA, and 2-LTR circle junction molecules were readily detected. Because the mutant virus RC.V8.NLS completes reverse transcription yet is unable to establish a productive infection, circular forms of proviral DNA accumulate as dead-end products that are not integrated. This result suggests that the mutant RC.V8.NLS PIC undergoes nuclear entry (although this assumption was challenged by the recent report that 2-LTR circles were isolated from the cytoplasm early after infection with murine leukemia virus [38] ). This finding also supports the idea that for RSV, the MA protein might contribute to nuclear entry of the PIC; if so, then the enhanced or altered nuclear entry properties of the RC.V8.NLS MA protein appear to have adverse consequences on integration of the provirus.
Modification of the pathway of nuclear import for several other retroviral proteins has been shown to affect virus replication. The avian retrovirus SNV does not normally infect nondividing cells (7) . However, insertion of the HIV-1 MA NLS into the SNV MA sequence confers enhanced viral replication in stationary cells. Similarly, NLSs derived from simian virus 40 T antigen or nucleoplasmin inserted into the murine leukemia virus IN protein disrupted virus infectivity, while NLSs from HIV-1 MA, RSV IN, or the M9 sequence of hnRNP were compatible with virus replication (34, 35) . These results provide strong support for the idea that the route and regulation of nuclear entry for viral proteins is a critical determinant of virus infectivity.
These observations in other retroviral systems together with our findings in RSV lend credence to the hypothesis that it is the altered nuclear import activity of the MA protein that is detrimental to virus replication. Considering that the import factors that associate with classical NLSs, like nucleoplasmin, might be different from those utilized by the nonclassical NLS in MA, it might be utilization of the nucleoplasmin nuclear import pathway itself that interferes with the virus life cycle, presumably affecting integration. Targeting MA (and/or Gag) using the nucleoplasmin-derived NLS, in addition to the intrinsic nuclear import signal in MA, might change the route of nuclear entry and the cellular import factors engaged in transport, thereby altering the intranuclear destination of the viral protein (29, 37) , so that subsequent nuclear events are unfavorable for virus replication.
